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Embryonic development is a complex process in which a single cell gives rise to a whole 
organism. This process happens through the commitment, growth and death of cells. 
Throughout this process the embryo shows an incredible ability to recover from many 
perturbations. This ability to adapt and recover, also known as plasticity, is dependent of the 
proper orchestration of many cellular processes. One of these major important processes is the 
maintenance of oxidative stress through the transcription of antioxidant genes. Previous studies 
in our lab showed that physical perturbations to the developing nervous system of Xenopus 
laevis embryos resulted differential transcription of Nrf2-antioxidant pathway genes, kelch-like 
ECh-associated protein 1, glutamate cysteine ligase catalytic subunit, and oxidative stress 
induced growth inhibitor 1. In order to understand the possible roles of these genes in the 
recovery process and in the development of the nervous system, whole mount in situ 
hybridization technique was used to study the spatiotemporal expression patterns of these 
genes. Furthermore, to examine the function of osgin1 in neuronal development, 
overexpression of osgin1 mRNA in Xenopus laevis through mRNA microinjection was 
performed. The effects of this overexpression on neuronal cell marker, N beta tubulin class II 
(tubb2b), was used to study its possible role in neurodifferentiation. The results showed that 
keap1 and osgin1 are expressed in mainly neural tissue whilst gclc is not. In addition, all three 
genes are concurrently expressed in the notochord at the same time. Furthermore, 
overexpression of osgin1 mRNA showed an aberrant but overall increase in the expression of  






Overview of Research Question: 
Development occurs through a concert of signaling pathways and transcription factors 
activating and inhibiting the transcription of specific genes at specific times. Many transcription 
factors are regulated by redox activity including well-known homeodomain proteins (Covarrubia 
et al., 2008). When normal development is interrupted through, physical, genetic or mechanical 
perturbation, there is an imbalance of redox species in the cell. Furthermore, there are also 
changes in gene transcription that allows the embryo to adapt its new environment. Changes in 
gene transcription in response to a perturbation is allowed by an important characteristic in the 
embryo, plasticity. Plasticity is the ability for cells or whole embryos to adapt to a change in the 
environment (Skipper et al., 2010). Physical perturbation and genetic perturbation through 
overexpression of genes are tools employed to test the gene function and plasticity in the 
organism as a whole. The use of physical perturbations on an embryo to understand the 
mechanisms underlying development has been studied for more than a century. Spemann 
showed in 1906 and 1912 that the rotation of anterior-posterior axis of newt embryos did not 
disrupt development as embryos were able to repattern and heal without issue. Since his 
experiments, many have tested the embryonic ability to re-pattern in response to perturbations 
(Lewis, 1910; Sive et al., 1990; Davidson et al., 1999; Pasqualetti et al., 2000; Trainor & 
Krumlauf, 2000; Sherman & Levitis, 2003; Le Douarin, 2004). Although there have been many 
studies examining this characteristic, the mechanism remains elusive. 
Studies done in our lab also tested plasticity in the neural plate using Xenopus laevis (X. 
laevis) embryos as model in order to understand the compensatory response at the molecular 
level. In these experiments, the neural ectoderm of early gastrula embryos was excised and 
transplanted into a donor embryo or controlled for wound healing by excision and replacement. 
The embryos were allowed to heal until neurula (stage 18) or hatching stage (stage 30) then 
they were assessed for neural morphology and regional markers genes that indicate proper 
repatterning through incorporation or re-incorporation of tissue into the embryo. The results of 
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this project revealed a small window of plasticity exists at the mid gastrula stages. Rotations 
performed on embryos at mid-gastrula stages recovered completely. Total RNA was also 
extracted for analysis of differentially expressed genes involved in the neural repatterning and 
wound healing process. RNA-sequencing results revealed that a change in gene transcription of 
genes involved in many cellular processes persisted long after recovery (from mid-gastrula to 
hatching stages). One of the major cellular process that was disrupted was oxidative stress 
maintenance. 
 Three genes, Glutamate-cysteine ligase catalytic-subunit (gclc), Kelch-like ECH-
associated protein one (keap1) and oxidative stress induced growth inhibitor (osgin1) 
associated with the highly conserved Nrf2 antioxidant pathway were observed to be significantly 
differentially regulated either in the control transplants or experimental at neurula stage (st.18) 
but not at hatching stage (st. 30). Given the important roles of these genes in the ability of 
embryos to respond to perturbations, we sought to understand the possible role of these genes 
in the wound healing process or neural repatterning. However, very little is known about the 
basic characteristics of these genes. As all three genes are part of the same pathway, it is of 
interest to study their expression patterns concurrently to begin to understand how they might 
be working together. The goal of this thesis was to clone and characterize gclc, keap1 and 
osgin1 to understand their role in neuronal plasticity and wound healing using X. laevis as a 
model.  
 
X. laevis as a Model Organism for Studying Neurodevelopment and Regeneration   
The use of Xenopus laevis as model organism to study neuronal development is a 
common practice in the field. There are multiple factors that make X. laevis an ideal organism 
for studying neuronal plasticity and development. The large size of the egg, the rate of 
development and the transparency of the yolk sac makes gene expression studies in X. laevis 
advantageous (Borodinsky, 2017). Furthermore, the recent publication of its complete genome 
8 
 
by Sessions and colleagues in 2016, makes cloning and characterizing candidate genes 
relatively easy as sequences are readily available. Studies in X. laevis have allowed an 
understanding of the dependence on neuronal differentiation on the notochord and the 
mechanisms of axonal migration, to name a few. Another advantage of using X. laevis as a 
model for neurodevelopmental studies is their impressive regenerative abilities. X. laevis 
embryos are able to regenerate a complete functional tail after amputation (Borodinsky 2017, 
Gargioli & Slack, 2004) They are also remarkably able to regenerate axons in the spinal cord 
until larval stages (Gargioli & Slack, 2004; Lee-Lui et al. 2017). Therefore, understanding 
expression pattern of oxidative stress genes underlying wound healing in nervous system, 
which is a form of regeneration, and neuronal plasticity and differentiation in X. laevis is relevant 
and applicable to human studies. Given the strong conservation between human and frog 
neural development and high degree of synteny X. laevis may serve as particularly useful model 
for studies of neurodegenerative brain disorders. For example, Parkinson’s disease and 
Alzheimer's diseases are both known to have an increase in oxidative stress (Blum & Ott 2018; 
Brennan et al. 2017).  
Introduction:  
Oxidative Stress  
Oxidative stress is caused by the excess production of reactive oxygen species (ROS) 
relative to cellular antioxidant defense mechanisms. Examples of some common ROS are 
superoxide, hydrogen peroxide, hydrogen radical and singlet oxygen (Covarrubias et al., 2008). 
These ROS are produced by the mitochondria as a byproduct of oxygen metabolism during 
normal cellular processes. Such processes include, cellular respiration, protein phosphorylation, 
apoptosis, activation of transcription factors, and differentiation. (Pizzino et al., 2017). As these 
processes are essential on the cellular and organismal level, they occur continuously and often 
lead to production of ROS. While normal levels of ROS are not harmful to cells and can be a 
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part of normal cell function, such as in intracellular signaling (Pizzino et al., 2017), an imbalance 
of ROS caused by exogenous factors are harmful. Exposure to xenobiotics such environmental 
pollutants, some pharmaceutical drugs, alcohol or radiation can lead to the excess production of 
ROS which can potentially damage the cell. Excess ROS can damage in the cell through 
disruption of cell membrane, alteration to lipids, proteins and lesions to DNA. All these forms of 
damage have been implicated in the pathogenesis of many human diseases. Diseases such as 
cancer, diabetes, atherosclerosis, Parkinson’s disease etc. have been reported to be affected 
by cellular damage due to oxidative stress (Pizzino et al., 2017, Feng et al., 2017). In order to 
maintain cellular homeostasis, a balance between production and reduction of ROS is important 
(Covarrubias et al., 2008).  
Maintenance of balanced ROS levels is also essential for proper development of the 
whole organism and especially the brain. Aberrant levels of ROS can be caused by a number of 
perturbations resulting in the creation of oxidative stress in the cell. Based on the RNA-seq 
results of the anterior-posterior neural axis rotation experiment described above, it is clear that 
this perturbation produces an increase in reactive oxygen species, requiring in turn, an increase 
the cell’s antioxidant response. The RNA-seq results also revealed that three antioxidant genes 
in the NRF2 antioxidant pathway, keap1, gclc, osgin1, were differentially expressed. Keap1 
transcription was downregulated, where as gclc and osgin1 transcription was upregulated.  
  
Nrf2- Keap1 Antioxidant Pathway  
There are many antioxidant mechanisms in the cell that diminish the levels of the ROS. 
Antioxidants neutralize reactive oxygen species in the cell which prevents further damage. One 
of the most important antioxidant pathways that is conserved among both vertebrate and 
invertebrate organisms is the nuclear factor erythroid 2-like factor 2 (Nrf2) pathway (Kobayashi 
et al., 2002, Sykiotis & Bohmann, 2008). Nrf2 is a transcription factor that regulates the 
expression of many genes involved in cellular homeostasis, this includes the antioxidant 
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defense, xenobiotic detoxification and glutathione homeostasis (de Miranda Ramos et al., 
2016). It is known as the multiorgan protector as it increases the expression of phase II 
antioxidant enzymes in multiple tissues treated with xenobiotic compounds (Lee et al., 2005). 
Nrf2 upregulates detoxification pathways in the lungs, the gastrointestinal tract, and in the 
nervous system, it protects astrocytes from reactive species induced apoptosis. Nrf2 essentially 
takes a central role in cell survival and differentiation (Zhao et al., 2009) It functions by binding 
to promoters on antioxidant genes called antioxidant response elements (ARE) thereby 
activating the transcription of antioxidant genes (Baxter & Hardingham, 2016). Nrf2 is regulated 
in the cell by two mechanisms: a keap1-dependent manner and a keap1 independent manner. 
Under normal conditions Nrf2 expression is very low, due to the two-fold regulation.  Co-
expression of tagged Nrf2 protein showed that Nrf2 is regulated by the keap1 through constant 
ubiquitination to maintain low levels of Nrf2, under normal conditions (Mcmahon et al., 2003). 
Keap1 regulates the degradation of Nrf2 in the cytoplasm by binding to a Neh2 domain on the 
protein (Itoh et al., 1999). However, when the cell is under oxidative stress, this interaction 
breaks down. In the presence of excess ROS, Nrf2 causes a conformational change in keap1 
protein resulting in the release and translocation of Nrf2 to the nucleus to turn on transcription of 
antioxidant genes such as gclc and osgin1 (Brennan et al., 2017). 
 
The Role of Keap1 in Development  
Kelch-like ECH-associated protein one (keap1) is part of the Cullin 3 (CUL3)-based E3 
ubiquitin complex that function as a negative regulator of the antioxidant nrf2 pathway (Taguchi 
et al., 2017). The protein is formed by a double glycine domain and a BTB/POZ that allows it to 
bind to Nrf2 (Wakabayashi et al., 2003). In the cell, keap1 is localized in the cytoplasm on the 
actin cytoskeleton. As a regulator of the important Nrf2 pathway, its function is important in a 
variety of cellular processes and diseases. Knockout of keap1 in mice resulted in death of mice 
pups 5 days post birth due to starvation (Wakabayashi et al., 2003).  Furthermore, knockout of 
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keap1 allows the uninhibited Nrf2 protein to cause growth abnormalities in the esophagus and 
forestomach. Keap1 was also found to be upregulated in retinoic acid (vitamin A) induced neural 
tube defects in mice (Liu et al., 2018).  
Keap1 is a highly conserved gene amongst most vertebrates and invertebrates. C. 
elegans is the only known model organism that lacks the gene. Most studies on this gene have 
been carried out in mice and zebrafish (Li et al., 2008; Wakabayashi et al., 2003; Lui et al., 
2018). Although conserved the expression and mechanism of action of keap1 in these 
organisms is not completely homogeneous in these different organisms. Therefore, 
developmental studies in other organisms such as X. laevis is necessary. Furthermore, since 
keap1 was downregulated in transplant embryos during primary neurogenesis studying 
spatiotemporal expression pattern may help elucidate its function in wound healing and 
repatterning.  
 
Glutamate Cysteine Ligase Catalytic-subunit  
Glutamate-cysteine ligase catalytic-subunit (gclc) is a gene that encodes for protein 
involved in the Nrf2 antioxidant response in cells. GCLC protein is responsible for the rate 
limiting step of the synthesis of glutathione. (Timme-Laragy et al 2013). Glutathione is an 
antioxidant composed of three amino acids glutamate, cysteine and glycine. GSH is made by a 
ligase called glutamate-cysteine ligase (GCL) in two steps. The enzyme glutamine cysteine 
ligase has two protein subunits: a catalytic subunit and modifying subunit which are encoded by 
gclc and gclm respectively. Both these genes are responsive to changing ROS levels, 
cytokines, and hormones (Timme-Laragy et al 2013). 
Nrf2 transcriptionally activates the gclc allowing for the beginning of the glutathione 
synthesis process. (Marcellin et al., 2017) Gclc is involved in many processes in both 
vertebrates and invertebrates (Moskalev et al., 2019). Overexpression of gclc mRNA in neurons 
and muscles leads to increased longevity in Drosophila. Aberrant expression of gclc leads to a 
12 
 
disruption in multiple cellular pathways including JAK-STAT, Notch, and MAPK. Gclc also plays 
an important role in organismal processes such as circadian rhythm maintenance. In the 
nervous system gclc has been shown to be involved in the differentiation of neurons.  
Glutathione (γ-glutamyl-cysteinyl-glycine or GSH) is an important antioxidant in the cell. It is the 
most abundant intracellular redox buffer (Timmer-Laragy et al., 2013). GSH synthesis is under 
the control of Nrf2.  
A maintenance of redox balance is important for development especially in terms of cell 
division and apoptosis as cells differentiate. Gclc is involved in this process through its role in 
creating glutathione, which is then reduced by the reactive compound (Dalton et al., 2000). 
Glutathione is needed for reduction of ROS, during cell division, with levels glutathione 
reduction peaking during organogenesis and depleting as embryos age (Dalton et al., 2000, 
Moskalev et al., 2019). GSH reduction is one of the most common antioxidant responses in the 
cell and the role of gclc is one of the most important as the enzyme in the rate determining step. 
It has been shown that homozygous genetic knockout of gclc is embryonically lethal due to 
decreased level of GSH. In humans, low levels of GSH due to mutation in the gclc gene leads to 
neurological disorders, hemolytic acidosis, and metabolic acidosis (Winkler et al., 2011).  
Gclc mRNA expression is induced by Nrf2 in response to both xenobiotic stressors, such 
as chemicals, or normal oxidative stress occurring through cell growth, differentiation and death 
(Nakajima et al 2011, Timme-Laragy et al., 2013).  
Given all these important roles of gclc in maintaining redox homeostasis in the cell, 
studying the spatiotemporal expression pattern of this gene may provide an understanding on 








Oxidative Stress Induced Growth Inhibitor (Osgin1)  
Osgin1, also known as ovary kidney liver protein 38 (OKL38) and bone marrow stromal-
cell derived growth inhibitor (BDGI) was discovered by Huynh et al. (2001) as an inhibitor of 
growth in mammary tissue. Since then, it has been implicated in many cancers; it is known as a 
tumor suppressor gene that loses function in breast tissue in breast cancer and liver cancer 
(Ong et al., 2004). Osgin1 has also been found to be upregulated in the lungs of non-smoker in 
comparison to that of smokers, functioning as antioxidant protective of lung epithelial tissue 
(Wang et al., 2017). Furthermore, in liver cancer, a mutated osgin1 gene results in tumor 
persistence due to the loss of osgin1 protein ability to translocate to the mitochondria to induce 
autophagy (Liu et al., 2014).  
It is currently unclear which protein transcriptionally activate osgin1. Neither is there 
consensus on the clear function of osgin1 outside tumor cells. Since it is implicated in cancer, it 
has been observed to function as a tumor suppressor under the transcriptional control of p53 
(Hu et al., 2012). On the protein level, osgin1 has been shown to interact with p53, the 
quintessential tumor suppressor gene, through colocalization to the mitochondria in order to 
trigger cytochrome c release which results in apoptosis or autophagy (Yao et al., 2008). 
Furthermore, the same group showed that p53 was able to trigger the expression of osgin1 
mRNA in response to oxidative stress.  
Other studies have observed osgin1 to function as an antioxidant gene under the control 
of the Nrf2 pathway in the nervous system (Brennan et al., 2017). Additionally, most recent 
studies have found that Nrf2 stimulation induced osgin1 mRNA transcription and subsequent 
protein expression is triggered by stimulating Nrf2 with xenobiotics (Brennan et al., 2017; Wei et 
al., 2017; Li et al., 2007). Brennan and colleagues (2017) found that osgin1 is under 
transcriptional regulation of Nrf2 in human spinal cord. Furthermore, they saw that an increase 
in osgin1 mRNA expression is cytoprotective in astrocytes and prevents apoptosis in astrocytes 
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in response to reactive oxygen species. This is in contrast to all studies of osgin1 in cancer 
where osgin1 expression is correlated with tumor growth inhibition through apoptosis (Hu et al., 
2012; Ong et al., 2004). 
Osgin1 has not been very well studied outside its role disease in the adult organism. 
Therefore, the spatiotemporal expression patterns of osgin1 during development is largely 
unknown. There has only been one study on its expression during development, however the 
study was not comprehensive and only examined mice at day 14 of development (Diez-Roux et 
al., 2011). Given that osgin1 was upregulated in the transplants and known to be expressed in 
the brain, it may play a role in the neuronal repatterning process (Brennan et al., 2017; Diez-
Roux et al., 2011). 
 
Research Question:  
Regulated oxidative stress is essential for proper development in an organism. The Nrf2-
keap1 pathway regulate some portion of this maintenance (de Miranda Ramos et al., 2016; Lee 
et al 2005; Baxter & Hardingham, 2016). Localized expression of Nrf2 pathway genes is 
indicative of tissues with increased levels of ROS and as well an active regulation of this stress 
(Nakajima et al., 2011). 
 In order to characterize all three genes, chromogenic whole mount in-situ hybridization 
(WISH) was performed using antisense mRNA probes. Additionally, while the function of keap1 
and gclc in development is known, the role of osgin1 in development remains to be elucidated 
(Winker et al., 2011; Wakabayashi et al., 2003). To resolve this, a functional analysis of osgin1 
was performed through an overexpression study using microinjection of capped sense osgin1 
mRNA. The effect of osgin1 overexpression on brain morphology and the neurogenesis was 
examined using tubb2b, a well characterized marker of differentiated neurons in X. laevis 




Materials and Methods: 
Cloning & Characterizing  
Animal Use 
Embryos were obtained from X. laevis injected with 0.6 ml of 1000 units/ml human 
chorionic gonadotropin. Embryos were collected and stored into incubators according to the 
protocol by Sive et al. (2000). Embryo were then staged following an established protocol 
(Nieuwkoop & Faber 1994). Fixation was performed in 1X MEMFA and stored in ethanol at -
20 °C.  All animal care procedures were carried out in accordance with the guidelines of the 
IUCAC committee at the College of William and Mary 
 
PCR Cloning, Sequence Analysis and In situ Hybridization Probe Synthesis  
osgin1.L (ISH Probe) Cloning 
Primers were designed using IDT PrimerQuest tool. Polymerase Chain Reaction (PCR) 
was performed on Applied Biosystems thermocycler using cDNA from late neurula (st. 20) X. 
laevis embryo to amplify the OSGIN1.L. The reaction was performed in 30 cycles using Q5 high 
fidelity 2X master Mix (NEB) with an annealing temperature of 62 °C the primers used are listed 
below: 
FWD: 5’- CTTAGAAGGTCGGTCAAACA -3’ 
REV: 5’- TGCTCAGGGAGACTTATGTA -3’ 
Annealing temperature of primers were calculated according to NEB guidelines. 
OSGIN1.L PCR product was polyadenylated and cleaned using the Monarch PCR and DNA 
Cleanup Kit (NEB). The purified product was then ligated to pSC-A –amp/kan (StrataClone) and 
incubated with competent cell pack provided by StrataClone. Transformed colonies were 
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selected based on blue white assay. Three white colonies containing osgin1.L insert were 
picked for mini prep plasmid isolation 
 
gclc.L Cloning 
Sequences for primer selection were obtained for xenbase.org. 
Primers were designed using IDT PrimerQuest tool. Primer specifics were analyzed using IDT 
oligo analyzer tool. Primers were designed using the L homolog sequence.  The primers are as 
follows: GCLC Primers FWD:  5’- TCATCCAGTTCCTGCACATCT - 3’ 
REV: 5’- CTGCACTCAGAGCCATCATAA – 3’ 
 
PCR Amplification of gclc  
PCR was carried out in 30 cycles with an annealing temperature of 65 °C. A mix of total 
cDNA from late blastula (st. 10) and neurula (st. 20) X. laevis embryos and Q5 High-Fidelity 2X 
Master Mix was used for the reaction. PCR products for gclc were ligated to pMiniT 2.0 (NEB) 
and incubated with NEB-10 Beta Competent E. coli. 
Colonies were picked from plates using inoculating loops and dissolved into 10µl of 
nuclease free water (NFW). 1µl of colony water was added to Q5 2X Hot Start Hi-FI MasterMix, 
and 0.5µl of forward and reverse pMiniT 2.0 primers (NEB). The remaining colony water was 
stored for up to 3 days at 4C or until gel confirmation of insert in vector. The whole remaining 
volume of colony water was used to start a mini prep culture. 
 
 Keap1 Clone Isolation  
KEAP1.L (Clone ID: 6325151) was purchased from Dharmacon. Clones were grown on nutrient 






All colonies were cultured in a 3 ml LB broth with 100mg/ml ampicillin concentration. 
Cultures were incubated in a shaking incubator for 14-18h at 37 C and 250 rpm. Mini Prep was 
carried out on cultures using Monarch Plasmid Miniprep Kit (NEB) after 500µl was set aside 
from glycerol stocks. Midi Prep cultures were started using 10ul of glycerol stocks in 200 ml 
nutrient-rich broth with the same antibiotic concentration described above. Plasmid isolation was 
then performed using NucleoBond Xtra Midi Kit (Macherey-Nagel). The integrity of insert was 
determined through sequencing. M13 Primers were used to sequence osgin1.L. forward and 
reverse pMiniT 2.0 primers (NEB) were used for sequencing gclc and keap1. Sequencing 
results analysis and insert orientation analysis was carried out using BLAST Xenopus tool on 
Xenbase.org 
 
Linearization and RNA Probe Synthesis: 
Clone plasmid DNA was linearized with commercially purchased restriction enzymes. 
Antisense and sense linearized products were isolated as described by Sambrook et al. (2001). 
RNA probes were in vitro synthesized using digoxigenin-11 rUTP and RNA polymerases. The 
conditions are as follows osgin1.L sense: HindIII /T7 polymerase, antisense: SmaI/ T3 
Polymerase. Gclc sense: BamHI/T7 Polymerase, antisense: NotI/ Sp6. keap1 sense: T3 
polymerase/EcoRI, antisense NotI/ T7 Polymerase. 
  
Whole Mount In Situ Hybridization 
Whole mount chromogenic in situ hybridization was performed on Biolane HTI (Intavis) 
using sense and antisense RNA digoxigenin-11 labeled probes according to Pownall and Saha 
(2018). Additionally, a vial of embryos hybridized with tubb2b antidig-mRNA probe was used a 





Hybridized embryos were washed in methanol 3 times for 10 mins at RT and cleared in 
Benzyl benzoate: benzyl alcohol BB:BA. Cleared embryos were imaged on Nikon SMZ800N 
microscope with a Nikon DS-Ri2 camera. Further analysis was conducted on hybridized 
embryos embedded in paraffin. Embryos were embedded as described by others and sectioned 
at 15µm or 20µm and fixed onto albumin coated slides (Sive et al. 2000). Images of slides were 
taken at 4X magnification on Olympus MU100 Camera and Amscope imaging software. 
 
OSGIN1 Overexpression 
Primer Design and PCR 
To overexpress osgin1, the full mRNA sequence was obtained from xenbase.org. The 
primers were designed to include 5’UTR and 3’UTR for specificity. The full gene osgin1.L 
construct was amplified, cloned and isolated as described above for the osgin1 probe plasmid.  
Isolated plasmid was digest with EcoRI and visualized on 1% agarose gel to confirm presence 
of insert. 
Primers:  FWD 5’- CTTGGTGCCTGAGATGTCA - 3’ 
REV 5’ - AGGGATTGTCACTCCATGT -3  
Restriction Cloning of Osgin1  
To subclone osgin1 into an expression vector, osgin1 in pSC-A –amp/kan was excised 
with HindIII and XbaI. PCS2+MT vector with a Xenopus muelleri Notch1 Intracellular domain 
gene insert created by another student was cultured in order to obtain an empty vector. The 
plasmid was isolated as described above using Monarch Plasmid Miniprep Kit (NEB) and 
NucleoBond Xtra Midi Kit (Macherey-Nagel). The PCS2+MT vector with ICD insert was digested 
with HindIII and XbaI in 100ul total reaction. The digested products were ran 0.7% agarose gel 
at 170 mv for 25 mins. The gel was visualized on the transilluminator. DNA bands were excised 
using a blade. DNA extraction from gel was carried out according to QIAquick gel extraction kit.  
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Ligation and DH5a Transformation 
  Purified DNA was ligated according to addgene protocol. Osgin1 insert was incubated 
with PCS2+MT vector in a 1:3 ratio with T4 DNA ligase at room temperature for 2hrs. A control 
experiment of T4 ligase and vector without insert was also incubated for transformation check. 
0.5µl of the ligation product was then used to transform DH5a competent cells. Transformation 
protocol was carried out according to Sambrook and Russell.  
Transformed colonies were picked and outgrown in 3 ml LB with 100mg/ml of ampicillin. 
Plasmid DNA isolation was carried out as above. Isolated plasmids were digested with HindIII 
and Xbal to check for presence of insert in PSC2+MT vector. Plasmid were also excised with 
EcoRI to confirm presence of osgin1 in plasmid. Midi plasmid isolation was carried out using 
NucleoBond Xtra Midi Kit (Macherey-Nagel). Isolated DNA was sequenced using M13 reverse 
primers.  
Capped mRNA Synthesis  
Plasmid DNA was linearized using HindIII restriction enzyme to obtain sense product.  
mRNA was synthesized using Ambion mMessage mMachine (Thermofisher) and purified using 
RNeasy MinElute Cleanup kit (Qiagen). mRNA was initially diluted with rNAse free water and 
stored at -80C in 2ul aliquots of 800ng/µl mRNA was further diluted to 2.0ng/4.6nl, 1.5ng/nl, 
1.0ng/nl and 0.5ng/nl in a Fluorescein Dextrin (FLDX) (Life Technologies)   
Microinjection  
Pigmented embryos were obtained as described above in animal care. Embryos at the 
two cell-stage were sorted in 1/3X MMR + 4% ficoll and injected unilaterally or bilaterally on the 
animal cap. Unilateral embryos were injected with 2.0ng/4.6nl. Bilaterally injected embryos were 
injected with the same concentration making the total injected mRNA concentration in 4.0ng 




Embryos were then transferred fresh 1/3X MMR plus ficoll and kept in the 16 C or 18 C 
incubator depending on the day of injection. After two hours embryos were transferred in to 0.1X 
MMR + ficoll. Solution was changed periodically in a timeframe of 4-6 hours, with an 8-hour gap 
overnight. During each solution change, necrotic embryos were sorted out and blebs were 
removed to avoid malformation of healthy embryos. After gastrulation, embryos were grown at 
room temperature. At stage 16-22 embryos were sorted under fluorescent light using Nikon 
SMZ800N microscope with a Nikon DS-Ri2 camera. Embryos were sorted left injected, or right 
injected based on side fluorescing with anterior pole of neural plate facing the microscope. 
Embryos not showing fluorescent were discarded and not used for experiments.  
Sorted embryos were moved to 0.1X MMR with Gentamicin and grown at room 
temperature until appropriate stages. Embryos were grown to early neural (st17-20),tailbud (st. 
25-34), or late tail bud (st35-40) stages then fixed in 1X MEMFA at RT for 2hrs.  
 
Whole Mount In Situ Hybridization, Embryo Bleaching and Imaging 
Three in situ hybridizations were performed from two different injection days.  Whole 
mount ISH was performed on these embryos as described above, embryos were hybridized 
using antisense tubb2.S mRNA probe. After the color reaction, embryos were fixed in freshly 
made Bouin’s fixative nutating overnight in 4C. After fixation, embryos were washed with 1X 
PBS for 5 minutes then transferred to bleaching solution. Embryos were bleached under UV 
light for 12-15 hours. Following embryo bleaching, embryos were transferred into 1X PBS for 
storage. Whole mount images of embryos were taken using Nikon SMZ800N microscope with a 
Nikon DS-Ri2 camera in 1X PBS without clearing. Paraffin histology for Osgin1 overexpression 





Keap1 is Expressed in Neural Tissue  
In order to examine the spatiotemporal expression patterns of keap1, we performed 
chromogenic whole mount in-situ hybridization with an anti-sense probe against keap1 mRNA. 
Our results showed that Keap1 is expressed consistently in the nervous system. Keap1 mRNA 
expression is first visible in the blastula stage in the animal cap which is indicative of genes to 
be expressed in the neuroectoderm (Figure 1A). This signal remains in the presumptive nervous 
system through the neurula stages, localized specifically in the neural crest and presumptive 
eye retinal region of the neural plate (Figure 1F). After neurulation expression is localized to the 
anterior neural tube and the eye (Figure 1C, H) through late tail bud stages. The first detectable 
signal of keap1 in the notochord is in the late tail bud stages (Figure 1I, J). The signal is 
strongest in the posterior region of the notochord toward the tail. There is some visible 
expression in somite tissue (Figure 1G) in late tail bud stages; however, is it not uniform. There 
was no observed expression of Keap1 in non-neural tissue.  
 
Gclc is Mainly Expressed in Non-neural Tissue 
Similarly, in order to examine the spatiotemporal expression patterns of gclc during 
embryonic development, we performed chromogenic whole mount in situ hybridization with an 
anti-sense probe against gclc mRNA. Whole mount in situ hybridization revealed that gclc 
expression is localized to the branchial arches, gut, and the notochord (Figure 2C). Expression 
signal is first visible in the animal cap of blastula stage embryo (Figure 2A). In the early neurula 
stages is ubiquitous in the gut region (data not shown). Expression in the branchial arches is 
visible on the organ develops (Figure 3B). This persists throughout development. Faint 
expression of gclc is detected in the notochord starting at late tailbud stages with strongest 
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expression visible in late tail bud/early tadpole stages (Figure 3 D, H, I). No gclc expression was 




Figure 1. Keap1 Gene Expression During Embryonic Development in X. laevis. 
Anterior pole of embryo is to the left. Dorsal is upward. E. blastula (st.9), F., midsection of 
neurula (st14), G. midsection of tailbud (st32), H – anterior section of tailbud(st 32), I – 
midsection of tail bud (st29),  J – posterior section of tailbud embryo (st29). AC – animal cap, 
DF – dorsal fin.  E – eye, FB – forebrain, HB – hindbrain,  ME-mesoderm, MB – midbrain,  NC 
neural crest, NO- notochord, NP – neural plate, NT – neural tube S- somite, SC- spinal cord,. 







Figure 2. Gclc Gene Expression During Embryonic Development in X. laevis. 
Lines indicate location of signal. Representative images of GCLC in whole mount embryos. 
Anterior pole of post-gastrula embryos is to the left. Dorsal is upward. E- anterior section of late 
tailbud (st38), F- anterior sec of late tailbud embryo. G –midsection of tailbud (st25) embryo, H - 
midsection of late tailbud embryo, I – posterior section of late tailbud(st37) embryo, J– 
midsection of tailbud (st32) embryo. AC – animal cap, BA – branchial arches, FB- fore brain, HB 
– hindbrain, I – intestine, MB – midbrain, MG- midgut, NO – notochord.  Expression indicated by 




Anterior portion of embryos to the left. Dorsal portion of the embryo is above. E- midsection of 
blastula(st.11), F- anterior section of neurula (st.15) embryo, G – midsection of early 
tailbud(st.23). H- posterior section of tailbud (st.30) embryo. I - Forebrain section of late tailbud 
(st.39). J – anterior section of late tail bud (st.39), K– anterior section of late tailbud(st.37), L - 
posterior section of late tailbud (st.37), M– most posterior section of late tailbud (st.37), N- 
midsection of late tailbud (st.39). AF – anterior neural fold, DF – dorsal fin, FB – forebrain, HD- 
hepatic diverticulum.  LD – liver diverticulum, MB – midbrain, ME-mesoderm, NC – neural crest, 
NO – notochord, NP – neural plate, SC- spinal cord,  
Figure 3. Osgin1 Gene Expression During Embryonic Development in X. laevis. 
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Osgin1 mRNA is Expressed in the Developing Anterior Brain 
In order to examine the spatiotemporal expression patterns of osgin1, we performed 
chromogenic whole mount in situ hybridization with an anti-sense probe against osgin1 mRNA 
Osgin1 expression is weakly present in early gastrula stages in the mesodermal layer. As 
neurogenesis begins, it becomes strongly localized in the anterior neural plate (Figure 2B) in 
presumptive telencephalon. Expression in the anterior brain remains, but faintly through the tail 
bud stages. Beginning in the early tail stages the expression becomes localized in neural crest 
and notochord (Figure 3 C, G, H). In the forebrain and midbrain, osgin1 is very weakly 
expressed. Expression peaks in that region in at late tailbud stages (st. 37) and remains through 
st. 40 (Figure 3 D, I, J). Outside the nervous system, osgin1 mRNA was detected in the 
presumptive liver and kidney starting at early tailbud (st 23) with strongest expression visible at 
hatching (st. 30) (Figure 3 H). This study did not examine embryos in early tadpole stages. 
There was no observed expression of osgin1 earlier than mid-gastrula stage (st.11.5). Overall, 
osgin1 expression signal was weak throughout development.  
 
Overexpression of Osgin1 Increases tubb2 Expression 
Given that our whole mount in situ hybridization (WISH) results showed that osgin1 is 
consistently expressed in primarily neural tissue, from gastrulation through to late tail bud 
stages (Figure 3E-N), we aimed to overexpress osgin1 to examine its effects on the 
development on the nervous system. We hypothesized that overexpression of osgin1 may result 
in slowed growth of neural progenitors or a morphological change in the vertebrate on the 
injected side of the embryo because of its known role as a growth inhibitor. Preliminary data did 
not show that osgin1 overexpression slowed growth of embryos as compared to Fluorescein 
dextrin (FLDX) injected controls nor uninjected controls (data not shown). However, we did 
observe several morphological changes in the nervous system. Whole mount in situ 
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hybridization of tubb2b antisense mRNA in osgin1 overexpressed embryos showed aberrant 
tubb2b expression in all stages examined.  
 
 
Whole mount images of tubb2b in situ hybridized embryos. A-F are neurula stage embryos 
(st18-19). G-L are hatching stage embryos. Arrows indicate expression on injected side of 
embryos. V- trigeminal ganglia, VII- facial ganglion, E- eye, FB- Forebrain, HB- Hindbrain, MB- 
midbrain, NF- neural fold, SC- spinal cord, FLDX:  neurula, n=6 hatching, n=10, osgin1:  
neurula, n=6, hatching, n=6.   
 
 




At the neurula stage (st.18), there is increased tubb2b expression in the anterior neural 
fold of the injected side as compared to FLDX controls (Figure 4 F). Additionally, the expression 
in the trigeminal layer is dysregulated, appearing spotty or stronger with signal extending 
towards the anterior fold (Figure 4D, E, F). This change is not observed in the uninjected side 
(internal control) nor in the FLDX injected control (Figure 4B, D). Furthermore, in the 
presumptive midbrain region, tubb2b expression is visibly darker on the injected side as 
compared to controls. At hatching stage (st. 30), the osgin1 injected side of the embryo displays 
a similar aberrant tubb2b expression pattern as the earlier stage. There is increased tubb2b 
expression in the forebrain region as compared to the FLDX controls (Figure 4J, 6C). 
Furthermore, in the osgin1 overexpressed side, the projection of tubb2b expression is shorter in 
the trigeminal ganglion and the facial ganglion (Figure 4J). Viewed dorsally, the injected side of 
the hatching stage (st.30) embryos shows tubb2b expression in the hindbrain extending towards 
the midline of the embryo appearing to close the normally present gap in tubb2b expression 








Whole mount images of tubb2b in situ hybridized late tailbud embryos (st 35, n=6 and st 40 n=6 
for each condition). Red asterisks represent changes in experimental embryos. Black asterisks 
represent normal morphology. The injected side of embryo is represented. V - trigeminal 
ganglia, VII- facial ganglion, IX – glossopharyngeal ganglion, X – vagus ganglion. E- Eye, FB - 
Forebrain, HB- Hindbrain, MB - Midbrain, SC- spinal cord. 




Black arrows indicated uninjected side. White arrows indicate either a difference in morphology 
or tubb2b expression in the injected side of the embryo. E- eye, HB- hindbrain, OV- otic vesicle 




Figure 6. Histological Sections of tubb2b Expression in osgin1 Overexpressed Embryos 
30 
 
In late tailbud stage (st.35) embryo, at peak expression of tubb2, osgin1 mRNA injected 
embryos exhibit aberrant tubb2b expression in all cranial nerves of the osgin1 injected embryo. 
The projection of nerves in the trigeminal ganglion and facial ganglion as represented by tubb2b 
expression in nerves, is stouter and remains condensed near the hindbrain (Figure 5H). 
Expression of the tubb2b in the glossopharyngeal ganglion and vagus ganglion of stage 35 
embryos projects further down as compared to FLDX control (Figure 5 G, H). Furthermore, 
there is increased expression of tubb2b in the eye vesicle this remains through stage 40 (Figure 
5 H,F, Figure 6 B,C). 
In stage 40 tubb2 expression is overall stronger throughout the nervous system of the 
osgin1 injected embryos as compared to controls (Figure 5 C, D). Increased expression is more 
prominent in the hindbrain (Figure 5 E, F). Similarly, expression in the glossopharyngeal 
ganglion and vagus ganglion is darker and projects towards the hindbrain. There is no obvious 
difference in the expression in the uninjected side on the whole.  
 
Overexpression of Osgin1 Appears to Affect Cranial and Spinal Morphology  
There are some slight morphological differences present in stage 18 and 30 embryos in 
the anterior portion of the brain surrounding the eye (Figure 5 D, J, L). Histological analysis of 
st. 30 embryos at stages 35 and 40, Osgin1 overexpressed embryos exhibit a change in cranial 
morphology and appear to have smaller heads. (Figure 5H, 6F). Additionally, there is a visible 
kink in the spine and abnormal eye positioning in the osgin1 injected embryos (Figure 6 B, D, F, 
H). Histological data shows that there is an increase in forebrain and midbrain tissue on the 
injected side (Figure 6, B, C). This increase in brain tissue protrudes into the region of the eye, 
giving the eye a squished appearance (Figure 6B, C). Interestingly, the otic vesicle is much 
smaller in osgin1 overexpressed embryos and is hardly visible in stage 40 embryos (Figure 5, E, 





 The goal of this thesis was to clone and characterize three oxidative stress genes, gclc, 
keap1, osgin1, involved in the Nrf2 pathway and to perform a functional analysis on osgin1 
through overexpression. Our results showed expression of keap1 in the eye, neural tube, 
notochord suggesting that keap1 may be mediating Nrf2 activity in the central nervous system 
(Takaguchi et al., 2017; Lui et al., 2018). The expression in the eye and brain correlates to 
expression data available in another model organism, zebrafish. Li et al. (2008) found that 
zebrafish contain two copies of the keap1 gene, keap1a and keap1b which are co-expressed in 
many of the same tissues, however, the expression of keap1a is localized to eye, with first sign 
of expression at 2.5 dpf. In contrast keap1b is expressed throughout embryogenesis and 
expression is more pronounced in the brain and gut. Our expression data did not show any 
expression of keap1 outside the nervous system. Furthermore, Li and colleagues (2008) did not 
report any expression of neither homologs in the notochord. This may be due to small window of 
stages they examined for their WISH. As X. laevis is an allotetraploid it has two homologs of this 
gene. The keap1 mRNA probe was constructed from a purchased plasmid containing the L- 
homologue, however, BLAST results of the insert showed 88% sequence homology with S 
homologue suggesting that there is a possibility for hybridization in vivo. Future studies in the 
lab will pursue a homologue specific expression study to investigate a possible correlation with 
homolog regulation observed in zebrafish.  
With respect to gclc mRNA expression, our data is in accordance with work done by 
other using zebrafish. Nakajima et al. (2011) showed gclc mRNA expression is induced by the 
Nrf2-activating compound, dimaleate, in the branchial arches and intestines. Basal expression 
of gclc was visible in zebrafish, however, the signal was stronger when induced. In our WISH 
runs, the was first visible in early to late tail bud stages after 3 hours and completed in about 36 
hrs. suggesting that there are very low levels of gclc basal expressed as suggested by the 
literature (Nakajima et al., 2011, Timme-Laragy et al., 2013). To our knowledge, gclc expression 
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in the notochord has not yet been reported. The timing of expression may suggest a role for gclc 
in notochord metabolism. During embryonic development the levels of antioxidant mRNA 
expression in the spinal cord normally increases in mouse (Lui et al., 2018). In Xenopus laevis, 
this normal increase could be indicative of the increase in metabolism and production of ROS 
due to increased apoptosis in the notochord (Stemple, 2005). Future studies could examine this 
effect by selectively knocking down gclc only in the nervous system through the use of 
morpholino oligomers. 
Osgin1 expression in development has only been studied in mouse, and not in zebrafish; 
therefore, detailed comparative expression results is not possible. Nonetheless, our results 
correlate with what is observed in mouse. Diez-Roux et al (2011) observed regional restriction 
of osgin1 expression to the central nervous in embryonic mice. They found weak expression of 
osgin1 to be uniform in the hindbrain, strong expression in midbrain and in all cranial nerves. 
They also found consistently strong expression of osgin1 in the telencephalon marginal layer 
(neural crest) which we also found in the neural crest in our embryos. They did not report 
expression in the notochord. This could be due to the fact the notochord has a more important 
role in neuronal signaling in X. laevis (Stemple, 2005)  
 
The Notochord a Guide for Neuronal Differentiation:  
All three genes were observed to expressed in the notochord at some time point but with 
different times of onset of expression. The notochord aids in cell fate determination in the 
central nervous system (CNS), the pancreas, and somite tissue through signaling which as 
mentioned before the Nrf2 pathway is involved in. Studies suggest that Nrf2 is directly involved 
in the normal neuronal differentiation through induction of gene transcription of downstream 
genes. The concurrent expression of all three genes in the notochord could be indicative of 
increased neuronal differentiation in the nervous system given the known individual roles of 
these genes. Furthermore, this is supported by the stage of onset of expression. Our WISH 
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results showed that gclc and keap1 expression becomes present in the notochord starting at 
hatching stage (stage 28). Beginning in the hatching stages (st 29) of X. laevis development the 
notochord elongates through the late tail bud stages (st 35) (Malikova et al., 2007). This process 
allows for further neuronal differentiation and gives the embryo morphology. Alternatively, 
expression of these three genes could be attributed to increased ROS due to apoptosis in the 
notochord. The elongation process of notochord requires apoptosis to drive morphological 
changes in the tissue. This could result in an increase in ROS and subsequent induction of Nrf2 
pathway genes.  
 
The Role Osgin1 in Neuronal Differentiation  
Osgin1 plays a key role in diseases such as cancer and chronic obstructive pulmonary 
disease, but few studies have studied its role in driving differentiation during embryogenesis. 
One study has observed osgin1 to play a central role in hematopoietic stem cell (HSC) 
differentiation (Geiselhart, 2015). In the study they observed that osgin1 is differentially 
expressed in high level multi-pluripotent progenitors during hematopoietic stem cell fate 
commitment. Furthermore, overexpression of osgin1 in HSC resulted in competitive stem cell 
engraftment in a disease and the wild type model. This suggests that osgin1 is involved in cell 
fate decisions and may have a role in progenitor cell differentiation. 
 Our preliminary data may suggest a role for osgin1 in neuronal differentiation due to the 
increase in expression of N-beta tubulin class II (tubb2b). N-beta tubulin class II is a type of 
tubulin protein that is expressed only in post-mitotic neurons of X. laevis (Moody et al., 1996). In 
X. laevis, most neurons generated during primary neurogenesis are post-mitotic during or soon 
after gastrulation. Neurons in the trigeminal ganglion are post-mitotic after gastrulation and 
formation of the neural plate (Moody et al., 1996). Tubb2b expression becomes localized in 
these post-mitotic cells in the neural plate in order to drive axon growth and migration (Moody et 
al., 1996, Oswald et al., 1991). Given the localized expression of N-beta tubulin, in post-mitotic 
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differentiated neurons, the observed increase in tubb2b signal in the osgin1 overexpressed 
embryos may implicate osgin1 as a potential driver in embryonic neuronal differentiation. In 
osgin1 mRNA injected embryos, neurons in the trigeminal nerve and facial nerves are primarily 
affected in early stages of neurodevelopment. This effect later expands to the other cranial 
nerves. Interestingly, osgin1 overexpression appears to restrict the projection of differentiated 
neurons in trigeminal ganglion and facial ganglion, as shown by tubb2b expression, yet there is 
more projection of tubb2b expressing neurons in the other cranial nerves in st.35 embryos. 
Furthermore, embryos at st.18 show darker expression signal in the anterior neural fold and 
st.40 embryos overall show much stronger tubb2b signal than controls. This qualitative analysis 
suggests that exogenous overexpression of osgin1 either increases tubb2b expression or 
increases the amount of post-mitotic neurons expressing tubb2b. The histological analysis may 
suggest the latter because the forebrain of the late tail bud embryos appears larger on the 
injected side. This is also further supported by the shift in eye positioning and size observed in 
the injected side. What remains elusive is whether osgin1 is driving the increase in brain tissue 
or there is a genetic compensatory response for the increase in osgin1 mRNA. The regions of 
increased tubb2b expression at neural and late tailbud stages correlates with the regional basal 
expression of osgin1 as shown by our WISH experiments. Furthermore, although our WISH 
experiments did not reveal osgin1 expression in the cranial nerves, a study in mice has (Diez-
Roux et al., 2011). Therefore, it is possible that osgin1 aids in neuronal differentiation in those 
areas. 
Although the increase of tubb2b expression is indicative of increased number of 
differentiated neurons and therefore brain tissue, the embryos at late tailbud stages appear 
microcephalic as shown by histological sections and whole mount images. This could be due to 
the fact that the axons are migrating into the wrong location and disrupting cranial formation. 
Dysregulated axonal projection has been observed to result in microcephaly in some human 
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diseases (Moffat et al., 2015).  Alternatively, the microcephaly could be due to apoptosis 
induction lead by osgin1.  
Osgin1 activity has been shown to lead to cell cycle arrest, apoptosis and autophagy 
(Huynh et al., 2001; Yao et al., 2008; Wang et al., 2005; Hu et al., 2012). Therefore, it is 
interesting we did not observe, through decreased tubb2b expression, an increase in neuronal 
apoptosis or increased neuronal cell cycle arrest. Cell cycle arrest during mitosis leads to 
apoptosis and prevents the differentiation of neurons (Naef et al., 2018). Since tubb2b is 
expressed in only post-mitotic neurons, a decrease in its expression would indicate these two 
scenarios. Given that this did not happen, it is possible osgin1 overexpression is not leading to 
cell cycle arrest. Instead, this may suggest that overexpression of osgin1 mRNA leads to osgin1 
protein to adopt its autophagic pathway.  
Autophagy is the cellular process by which cellular components are marked and 
collected for degradation (Zhu et al., 2013). This process also allows for cell survival and 
proliferation as way to escape cell death, or it could result in cell death through apoptosis. 
Studies overexpressing osgin1 in other tissues have observed a small increase in apoptosis or 
differentiation of cells depending on tissue used. Overexpressing osgin1 through transfection of 
U2OS cells with a FLAG-osgin1 plasmid resulted in 15% of cells undergoing apoptosis. 
Similarly, Wang and colleagues overexpressed osgin1 in human airway basal cells and 
observed an increase in autophagy genes, further suggesting that osgin1 mediates cell 
autophagy (Wang et al., 2017). Given that osgin1 overexpression in other studies resulted in the 
upregulation of autophagy genes, the increase in tubb2b expression could be explained by an 
autophagic response of some neurons to osgin1 overexpression. It is possible that osgin1 is 
adopting an autophagic pathway in hindbrain to promote cell survival while triggering apoptosis 
in the trigeminal ganglion.  
Since we only examined the effect of exogenous osgin1 overexpression on the 
expression tubb2b, we do not know of and cannot rule out a compensatory response of other 
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genes to the overexpression of osgin1. There is the possibility of increase in anti-apoptotic gene 
expression in response to the overexpression of osgin1. This could also explain the increased 
expression of differentiated neurons, greater projection of the cranial nerves, and increased 
tubb2b expression the hindbrain. Alternatively, the compensatory response could be through 
negative regulation of endogenous osgin1 transcription. Osgin1 transcription has been reported 
to be negatively regulated by PAD4 through methylation of the gene promoter of osgin1 (Yao et 
al., 2008). It is possible that in response to the high concentration (2.0ng) of osgin1 mRNA 
injected, the endogenous osgin1 mRNA was negatively regulated by PAD4. This would result in 
lower levels of apoptosis happening in the nervous system, leading to the proliferation of post-
mitotic neurons we observed.  
 
Future Studies in the role of Osgin1 Overexpression Studies  
Future studies into the role of osgin1 overexpression in neuronal differentiation could 
pursue any number of the hypotheses stated above. In order to ascertain whether osgin1 over 
expression is affecting N-Beta Tubulin expression or driving differentiation, qRT-PCR could be 
performed on osgin1 perturbed embryos. Three other possible genes that could be used to 
compare to tubb2b levels are: XIHbox6, Sox2, neuronD1. XIHbox6 is a neuronal marker for 
posterior neural induction that is responsible for the induction of differentiation in the hindbrain. 
This could help elucidate whether overexpression of osgin1 results in the increased neural 
induction in the hindbrain, since we observed darker signal in the hindbrain at neurula and late 
tailbud stages (Wright et al., 1990).  Sox2 is marker of neuronal progenitors, it helps maintain 
stem cell identity (Sarkar & Hochedlinger 2013). In order to examine the role of osgin1 
overexpression on the depletion of neuronal progenitor population through dysregulated cell 
proliferation, qRT-PCR could be performed on osgin1 overexpressed embryos to check for 
changing levels of sox2. NeuroD1 is transcription factor expressed the cranial nerves, eye and 
otic placodes, which are all areas osgin1 overexpression was shown to affect in our experiment 
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(Schlosser & Northcutt 2000). NeuroD1 triggers differentiation in these neurons (Lee et al. 
1995). Therefore, a differential expression analysis of this gene in response to osgin1 
overexpression would help elucidate whether there is increased differentiation or increased N-
beta tubulin.  
To examine if there is a compensatory response as described above, WISH for PadI4, a 
gene encoding for a protein known regulator of osgin1, could qualitatively show this effect (Yao 
et al., 2008). Additionally, qRT-PCR showing upregulated levels of padI4 in osgin1 
overexpressed embryos would confirm this effect. Furthermore, although transcription of osgin1 
is induced in response to stress by Nrf2, it is not known if Nrf2 also trigger osgin1 transcription 
in normal development. The known role of Nrf2 induce the transcription of genes involved in 
neuronal differentiation suggests this is possible. it is of interest to examine the expression 
patterns of gclc or keap1 in osgin1 overexpressed embryos. Keap1 in particular may show an 
increased regulation of the Nrf2 pathway in response to increased levels of a downstream Nrf2 
pathway gene. 
Another future direction to pursue is a study into a dose dependent effect of osgin1 
expression in lethality of embryos. We began our experiments by injecting four different 
concentrations of osgin1 mRNA; 0.5ng, 1.0 ng, 1.5ng, and 2.0ng. This was done in order to 
check for lethality however, since needles sizes were not controlled for between concentration, 
the mortality of embryos did not correlate with increasing nor decreasing concentration. This is 
also why we only examined the effect in 2.0ng injected embryos. Future studies should pursue 
experiment on the dose dependent effect of osgin1 on tubb2b expression. Additionally, we also 
injected embryos bilaterally, a quick analysis of did not reveal a significant difference in 
unilaterally injected embryos. However, we did not have FLDX bilaterally injected controls for 
comparison. Bilaterally injected embryos also exhibited more mortality and distinct morphology 
during gastrulation in comparison to all other injected experimental group. In that injected 
mating where this was observed, we controlled for needle size by using the same needle and 
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injecting batches in increasing concentration. However, as stated before, we did not have FLDX 
bilaterally injected controls to rule mortality due to double injection. Future studies could pursue 
this question.  It is also of interest to examine the role of osgin1 overexpression in earlier stages 
especially during gastrulation. Since neural induction begins during gastrulation, and normal 
osgin1 expression also begins during gastrulation there is a possibility that osgin1 
overexpression could show an increased effect on the developing nervous system 
Thirdly, to clarify why the expression in the trigeminal neurons sometimes appear spotty 
and other times are strong in expression future studies should pursue the autophagy 
hypothesis. In order to do this, qRT-PCR could be used to examine relative levels of osgin1 and 
map1lc3b. Map1lc3b is an autophagy marker and increase in its transcription could indicate that 
osgin1 is triggering autophagy. Wang and colleagues found that overexpression of osgin1 in 
u2OS cells correlated with an increase expression of map1lc3b (Wang et al., 2017). 
Alternatively, a TUNEL assay can be used to examine whether embryos with the spotty 
expression exhibit increased apoptosis in the trigeminal ganglion.  
Finally, another possible future study to investigate the role of osgin1 in neurogenesis 
could be selectively knocking out osgin1 in the nervous system through CRISPR-Cas editing 
technique or morpholino. This could be done by injecting at the four-cell stage into the 
blastomere fate-mapped to develop into the nervous system (Naef et al., 2018).  
Conclusions and Limitations: 
In conclusion, we examined the spatiotemporal expression patterns of three nrf2 
pathway antioxidant genes: keap1, gclc, & osgin1. We showed that keap1 mRNA is localized to 
the nervous system from when it begins to be expressed at blastula stages through late tail. 
Additionally, we showed that gclc expression is localized branchial arches and report for the first 
time, expression of gclc in the notochord. Thirdly, we showed that osgin1 is expressed, 
throughout in the nervous system as well as presumptive liver and hepatic tissue. We 
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suggested through our analysis of the concurrent expression of all three genes that they may 
have a role in maintain oxidative stress during differentiation. In attempts to further characterize 
osgin1, we overexpressed osgin1 through mRNA microinjection. Due to time constraints and 
limited resources (i.e qRT-PCR probe for osgin1) we were unable to show quantitatively the 
overexpression of osgin1 mRNA in injected embryos. Nor were we able to pursue the many 
follow-up studies stated in the discussion. Nonetheless, we showed qualitatively that osgin1 
overexpression lead to an overall increase in N-beta tubulin gene expression and morphological 
changes in the head, eye, and spine. This study serves as starting point in elucidating the role 
of osgin1 in neurodevelopment. We have laid out a number of future studies that will make the 
role of osgin1, keap1 and gclc in neurogenesis less elusive.  
Significance: 
Studying the spatiotemporal expression pattern of genes in the nervous system during 
development is key to understanding the function of these genes in the adult nervous system. It 
is also key to understanding its role in disease. Oxidative stress genes and their proteins play 
many important roles in the fetal and adult brain. For instance, dysregulated oxidative stress 
activity leads to increased cell death in many neurological disorders such as Alzheimer's 
Disease and Parkinson Disease in adult humans (Kerr et al. 2017). Similarly, increased 
oxidative stress in the brain of neonatal has been connected to autism spectrum disorder. 
Therefore, proper control of oxidative stress is not only important for the developing organism 
but also for overall neurological health of the adult organism. Studying the expression patterns 
of nrf2 pathways genes is relevant because it is one of most conserved stress signaling 
pathways across invertebrates and vertebrates. Normal and aberrant signaling of Nrf2 pathway 
genes have been implicated in neurodevelopmental disorders, cancer, aging, COPD and 
atherosclerosis (Lee et al 2005). While Nrf2 pathway genes are studied in context of chemical 
assault to cells and body, few studies have sought to understand the spatiotemporal expression 
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pattern of this pathway in early neuronal development. Our study into the spatiotemporal 
expression of keap1, gclc and osgin1, is the first study to do so. Furthermore, although osgin1 is 
implicated in many cancers, there have been no studies investigating its role in development. 
Our preliminary data on osgin1 suggest that this gene may play a key role in neuronal 
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